Abstract Filling holes is a major challenge to reduce digitizing time and makes the digitized model compatible with applications such as finite element (FE) analysis or inertia calculations. Indeed, whatever the sensor used, for accessibility reasons or reflection problems, some parts of the object may be non-measured defining digitizing holes in the digitized point cloud. In this paper, a method based on a mesh deformation is proposed to fill the digitized holes. The proposed method relies on the a priori knowledge of the numerical model as a nominal mesh. After identifying the digitized holes and calculating the differences between the nominal mesh and the point cloud, a deformation of the nominal mesh is performed. This deformation is determined by minimizing the energy of deformation of the mesh considered as a lattice. The proposed method is validated on a complex shape. Finally, this method is applied to an industrial part in order to highlight interest for balancing issues.
Introduction
Various types of digitizing systems exist to acquire the shapes of a 3D object. Whatever the sensor used, laser plane, Yann Quinsat yann.quinsat@lurpa.ens-cachan.fr 1 LURPA, ENS Cachan, Universiteé Paris-Sud, 61 avenue du président Wilson, F94235 Cachan, France structured light or stereo-vision, optical systems allow the acquisition of a great amount of points representative of the part surfaces in a very short time. Researches now focus on using optical measuring systems for in-line production measurements for which measuring time is a critical issue. However, it is commonly admitted that digitized point clouds are noisy, dense, and heterogeneous [14] , and that for accessibility reasons or reflection problems, some parts of the object may be non-measured defining digitizing holes in the point cloud Fig. 1 . Holes in the object representation could make further applications, such as rapid prototyping [7] , Finite element analysis (FEA), or volume calculations difficult to achieve [21, 26] . These holes also contribute to increase the freeform surfaces reconstruction time, which is already a time-consuming operation [2] . Numerous studies [6, 13, 14, 18] deal with the definition of automated measuring strategies with the objective of time minimization while increasing the point cloud completeness, but re-digitizing is generally time-consuming and sometimes incompatible with in-process measurements. Furthermore, some zones could remain inaccessible. Some authors propose to reach the complete 3D object representation by filling the holes [15, 21] . Because of the variety of hole types, a large number of hole-filling algorithms exist, each one more or less dedicated to one specific type [20] .
In this study, we use the a priori knowledge of the CAD model of the object under study to overcome the digitizing defects. The algorithm relies on a stress-strain deformation of the nominal geometry performed with the aim of minimizing the differences between the CAD model geometry and the point cloud while preserving the initial topology. It will thus be possible to fill the holes with the deformed geometry. This approach is interesting as it preserves the quality of the identified geometrical characteristics and of the measured dimensions of the object. It is appropriated when the point exploitation requires a complete representation of the object as for FEA, or volume calculation as it is the case in the present paper. In fact, the approach is applied to inertia calculation, first step in crankshaft balancing. As crankshafts are complex parts, some surfaces are difficult to measured, and the digitizing process generally leads to incomplete point cloud presenting digitizing holes. Inertia calculation can only be performed if the discrete data structure is closed. This is performed by filling the holes using the morphing-based approach.
Related works
Methods for hole-filling generally consist of two subproblems: hole detection and reconstruction of the missing regions [19] . The method proposed by Wang and Oliveira is well-adapted to scanned data. First, a mesh is associated to the point cloud. The boundaries of the holes are detected by identifying the boundary edges (edge belonging to only one triangle). A ring of points around the boundary, defining the boundary vicinity, is used to interpolate the missing portion using a Moving Least Squares procedure. Reconstructed patches preserve and smoothly blend with the original model. Jun [9] bases his approach on the simple principle that a hole can be filled with planar triangulation (such as Delaunay triangulation) if all the boundary edges are projected onto a plane without auto-intersections. As this only works well for simple holes, complex holes are divided into several simple sub-holes that can be filled using the aforementioned method. In a final step, smoothing is applied to refine the model quality. Li et al. [12] propose to first identify feature curves, then use curve blending to complete the missing parts of the feature curves in the holes. A Bézier-Lagrange hybrid patch relying on the feature curve is then constructed to fill the holes. The method preserves the features but is not completely automated. In their approach, Wang et al.
[21] define a method well-adapted to restoring missing curves and corners. Missing feature curves (sharp edges) are reconstructed as B-spline curves. Missing corners are found by minimizing the square of the tetrahedron's volume reconstructed from the potential corner and its neighbors. Holes are thus filled using advancing front method. This method is less adapted to complex surfaces. Wang and Hung [20] propose a method based on Grey System Theory to achieve a smooth and continuous hole filling. Grey system theory is used to reduce randomness and increase regularity in the data. A prediction model is used to identify the location of the future element. In their approach, authors consider two prediction models: the normal vector prediction and the angle prediction. Once newly points are added, a final smoothing stage is performed but curvature is not controlled. Some authors take advantage of 2D images that have been acquired during the measurement stage to recover the missing zones [15, 17] . The 2D images are used as a set of constraints, and as input of a mesh deformation process which tends to minimize the curvature evolution between the inserted facets and the initial mesh. The mesh deformation relies on a mechanical approach for which the mesh is considered as a bar network. With such an approach, that combines techniques of shape from shading and mesh deformation, the overall shape of the part is preserved. However, it requires the use of two measuring systems at the same time. Some authors use morphing to reconstruct missing data with a specific application in dental surface reconstruction. The objective is to align a scanned tooth to a standard model. The approach begins with a one-to-one mapping of feature points of the standard tooth and the scanned tooth thanks to a radial basis function to define the relations for all points in both teeth. A global deformation (translation, rotation, and scaling) is performed followed by local adjustments to align the tooth in preparation to the standard one [23] . In this method, the use of morphing permits to fill the holes by taking advantages of the prior knowledge of the general tooth shape. Morphing is more used in computer graphics for mesh deformation. Two main kinds of approaches exist: the geometric methods and the physically based methods [24] . As far as geometric methods are concerned, lattice or mesh nodes are moved according to geometric constraints to achieve the deformation. In [8] , the objective is to relate a template to a target geometry considering some reference points referred to as landmarks. After a general alignment of the landmarks, using translation, rotation, and scaling, the morphing is performed using the landmarks as constraints. The motion of the mesh nodes is interpolated from the motion of the landmarks based on a radial basis function regression to preserve smoothness. The
